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Background. It has been reported that cytomegalovirus (CMV) pp65-specific T cells can protect hematopoietic cell transplant (HCT) recipients from CMV complications. Two candidate CMV peptide vaccines composed of the HLA A*0201 pp65 495-503 cytotoxic CD8
1 T-cell epitope fused to 2 different universal T-helper epitopes (either the synthetic Pan DR epitope [PADRE] or a natural Tetanus sequence) were clinically evaluated for safety and ability to elicit pp65 T cells in HLA A*0201 healthy volunteers.
Methods. Escalating doses (0.5, 2.5, 10 mg) of PADRE or Tetanus pp65 [495] [496] [497] [498] [499] [500] [501] [502] [503] vaccines with (30 adults) or without (28 adults) PF03512676 adjuvant were administered by subcutaneous injection every 3 weeks for a total of 4 injections.
Results. No serious adverse events were reported, although vaccines used in combination with PF03512676 had enhanced reactogenicity. Ex vivo responses were detected by flow cytometry exclusively in volunteers who received the vaccine coadministered with PF03512676. In addition, using a sensitive in vitro stimulation system, vaccine-elicited pp65 [495] [496] [497] [498] [499] [500] [501] [502] [503] T cells were expanded in 30% of volunteers injected solely with the CMV peptides and in all tested subjects receiving the vaccines coinjected with PF03512676.
Conclusions. Acceptable safety profiles and vaccine-driven expansion of pp65 [495] [496] [497] [498] [499] [500] [501] [502] [503] T cells in healthy adults support further evaluation of CMV peptide vaccines combined with PF03512676 in the HCT setting.
Clinical Trials Registration. NCT00722839.
Cytomegalovirus (CMV) infection causes significant complications in the recovery of immunocompromised recipients of hematopoietic cell transplant (HCT), a leading therapy for hematological malignancies [1] .
Preemptive antiviral chemotherapy limits CMV infection, although its use can have significant toxicity and may delay immune reconstitution, in turn exposing HCT recipients to the risk of infections [2] . Additionally, when antivirals are stopped or if immunodeficiency persists, patients may still develop late-onset CMV disease [2] . A number of approaches to stimulate the host immune response to CMV with the purpose of reducing the usage of antiviral agents have been evaluated, although no vaccine/immunotherapeutic strategy to prevent or treat CMV infection or disease has been licensed [3, 4] . Control of CMV infection is primarily associated with cellular immune responses [5] . The abundant tegument protein pp65 is a major contributor to shaping the T-cell repertoire in CMV-exposed individuals [6] [7] [8] and is a principal target for HLA class I-restricted CD8 1 cytotoxic T lymphocytes (CTLs) [9] . CMV-infected cells express pp65 both early and late after infection, making it an appropriate vaccine target [10] [11] [12] . Adoptive transfer of pp65-specific CTL reduced CMV viremia after HCT in pilot trials [13] [14] [15] [16] . Additionally, studies showed that CMV reactivation and disease were associated with low levels of CMV-specific tetramer 1 CD8 1 T cells (including pp65-specific T cells) [17] . In contrast, protection from CMV reactivation and disease in HCT recipients was associated with CMV-specific CD8 1 T-cell levels between 7 cells/lL and 10 cells/lL [1, 17] . A vaccine that induces protective levels of pp65 CTL has the potential to be of therapeutic benefit to HCT recipients by limiting CMV viremia or disease [17] . Our strategy is to provide sufficient CMV immunity to HCT recipients by vaccinating their immunocompetent donors [18] [19] [20] . Studies have shown that by immunizing the donor pre-HCT, it is possible to transfer vaccine-specific immunity to the recipient [20] [21] [22] [23] .
We and others have identified a repertoire of CTL epitopes within the pp65 protein that can expand human pp65-specific memory CTLs in vitro [6] [7] [8] 24] . The pp65 495-503 epitope, which is restricted to the high-frequency HLA A*0201 allele, has been extensively characterized [6] [7] [8] . Use of the pp65 495-503 CTL epitope is conserved with limited sequence variation among viral isolates [7, 24, 25] . Using HLA-restricted CTL epitopes to develop a noninfectious subunit CMV vaccine would eliminate the safety concerns for HCT recipients of live-attenuated CMV or recombinant live viral vaccines, while avoiding the many CMV-encoded products involved in immune evasion [10, 26, 27] .
Covalently linking pp65 CTL and T-helper (T H ) epitope by solid-phase synthesis dramatically enhanced the immunogenicity of candidate epitope vaccines [28] . In HLA A2 transgenic (Tg) mice, 2 candidate vaccine peptides containing the HLA A*0201 pp65 495-503 CD8
1 T-cell epitope fused to universal T H epitopes (either the synthetic Pan DR epitope [PADRE] or a natural Tetanus sequence) showed favorable immunogenicity profiles [29, 30] . CpGDNA further augmented their activity, providing a means to lower vaccine dosage [28, 31] . The phase 1b trial described here was designed to evaluate safety and immunogenicity of PADRE and Tetanus pp65 [495] [496] [497] [498] [499] [500] [501] [502] [503] candidate vaccines in healthy volunteers expressing the HLA A*0201 major histocompatibility complex class I allele sequence. Our results in healthy volunteers pave the way for future trials in HCT donors for the purpose of transferring CMV immunity to their recipients.
MATERIALS AND METHODS

Vaccines
The National Cancer Institute (NCI)-sponsored Rapid Access to Interventional Development program contracted with Bachem for current good manufacturing practices (cGMP)-grade production of the peptide vaccines. Each peptide vaccine consists of the same HLA A*0201-specific CTL epitope (NLVPMVATV) [6] fused with a non-CMV-specific T H cell epitope that is recognized by many HLA-DR alleles. PADRE is the T H epitope (AKXVAAWTLKAAA, X 5 cyclohexylalanine [29] ) in the PADRE-CMV (NSC-721433) and the Tetanus toxin P2 epitope (tt830-843:QYIKANSKFIGITE [30] ) in the Tetanus (Tet)-CMV vaccine (NSC-721434) ( Figure 1A ). PF03512676 (10 mg/mL; CpGDNA adjuvant, known also as CpG 7909 and CpG 2006), a synthetic single-stranded phosphorothioate DNA-containing CpG motifs [32] , was supplied by Pfizer and is classified as an investigational agent. A preclinical toxicology study was carried out in rats. The final report revealed little to no toxicity of the peptides at all investigated dosages (data not shown; from the Southern Research Institute, protocol no. 11200.11.01). The GMP vaccine products were also evaluated in HLA A*0201 HHDII Tg mice, and potency results were confirmed ( Figure 1B ) [28, 33] .
Study Design and Vaccine Regimen
This is a nonrandomized, open-label, dose-escalating phase 1b safety and immunogenicity clinical trial. It was conducted at the City of Hope National Medical Center (COH), Duarte, California, and was approved by the local institutional review board (IRB 03121) and by the US Food and Drug Administration (FDA) as an investigational new drug (BB-13124). Healthy male and female volunteers, aged 18-55 years, CMV-seropositive or CMV-seronegative (Virgo CMV IgG/IgM kits, Hemagen Diagnostics) and molecularly subtyped as HLA A*0201-positive (PerkinElmer Gene Amp PCR System 9600), were enrolled after providing written informed consent. Participants were eligible unless they had $1 of the following exclusion criteria: abnormal serum chemistry and blood count; hepatitis B or C positive; immunodeficiency, including human immunodeficiency virus (HIV); taking daily medications for chronic illness; surgery in past 6 months requiring general anesthesia; known cardiac disease including patients being treated for hypertension and high cholesterol; positive urine pregnancy test/planning to become pregnant within the next 6 months; immunization with other vaccines within 1 month of the study period; participation in a CMV immunotherapy trial in the last 6 months; and history of cancer, depression, allergic diatheses, or frequent migraines.
The safety (primary endpoint) and immunogenicity (secondary endpoint) assessment of PADRE-CMV and Tet-CMV peptide vaccines was performed separately in 2 concomitant stages: trial A evaluated CMV peptide vaccines alone and trial B also included coinjected PF03512676 adjuvant, used at a constant dosage of 1 mg for all research subjects at all dose levels of CMV peptide vaccines [34] . The vaccine dose escalation (0.5, 2.5, 10 mg vaccine) was based on previous peptide vaccine studies [35] . A GMP-grade sodium acetate solution (pH 4.2; NCI-Frederick) was used as peptide diluent. The trial A formulation comprised 1 mL of peptide solution and 0.1 mL sodium bicarbonate USP to adjust pH (NEUT, Abbott Laboratories); trial B formulation comprised 1.0 mL of peptide solution and 0.1 mL PF03512676 (1 mg). The final 1.1-mL injection volume was administered subcutaneously in the upper arm. Booster doses of vaccine plus PF03512676 (1 mg) were given at days 21, 42, and 63 ( Figure 1C ). This regimen was chosen to assess safety of multiple injections because we anticipated immunizing both HCT donors and recipients. Six volunteers (4 CMV-seropositive and 2 CMV-seronegative) were allotted to each dose level, and the vaccine was administered by subcutaneous injection in the upper arm. The FDA mandated that each dose level of peptide vaccine be safely completed in at least 4 subjects of trial A before that same dose level could be evaluated in trial B ( Figure 1D ).
Changes to Trial Design
The COH IRB approved the following protocol amendments: (1) suspension of CMV-negative participation in January 2010 owing to unavailablility of HLA A*0201 CMV-seronegative volunteers (actual numbers of CMV-seronegative subjects are Figure 1 . Peptide vaccines and vaccination schedule. A, Details of the primary structure of the peptide immunogens are shown for PADRE-cytomegalovirus (CMV) (top row ) and Tet-CMV (bottom row) fusion peptide vaccines. The synthetic peptides were manufactured using good manufacturing practices (GMP)-grade material; the final products contained L-amino acids. X* indicates cyclohexylalanine. A GMP-grade solution of 10 mM sodium acetate, pH 4.2, was used as a diluent for both peptides. CTL, cytotoxic T lymphocyte. B, Potency tests in mice of the GMP-grade peptide vaccines to confirm their biologic activity in HHDII transgenic mice, immunized with 100 nmol of each CMV peptide vaccine with or without PF03512676. The plots show percentages of cytotoxicity at different effector-to-target ratios (E:T) detected in a 4-h chromium release assay against either relevant (pp65 495-503 , solid circles ) or control (p53 [149] [150] [151] [152] [153] [154] [155] [156] [157] , open circles ) target cells [28] . Upper panels show results from mice immunized with Tet-CMV (left ) and Tet-CMV 1 PF03512676 (right ). Lower panels show results from mice immunized with PADRE-CMV (left ) and PADRE-CMV 1 PF03512676 (right ). Data in each plot are representative of at least 6 immunized mice. C, Each vaccine (VAC, either PADRE-CMV or Tet-CMV vaccines 6 adjuvant) was administered subcutaneously in 4 injections at each dose level (1-3 as shown) for both trial A (CMV peptide vaccines without adjuvant) and trial B (CMV peptide vaccines with adjuvant). Days of vaccination (x-axis ) are indicated by the arrows. The type of CMV peptide vaccines used at each dose level is shown. *Timing of blood draws for lab evaluations and immune assessments. D, Eligible subjects were assigned to trial A or trial B based on the time of their enrollment. Trial A dose level (DL) 1 started the study and was staggered such that Tet-CMV subjects were treated prior to PADRE-CMV subjects (solid arrows ). At the completion of a DL in trial A, there was progression to the DL 1 1 in trial A (dotted arrows ) and to the DL in trial B. As mandated by the US Food and Drug Administration, no dose level began in trial B until after that level was safely completed in trial A.
shown in Table 1 ); (2) trial A was closed due to lack of vaccinerelated ex vivo immune responses, assessed during an interim analysis before enrollment for Tet-CMV vaccine at the highest dose (10 mg). Consequently, the following cohorts were completed: 0.5 and 2.5 mg PADRE-CMV and Tet-CMV in trials A and B and 10 mg PADRE-CMV in trials A and B ( Figure 1C ).
Safety Assessment
After each vaccination, volunteers were kept under observation for 30 minutes to assess reactogenicity to vaccine formulations and provided with diaries to document local or systemic reactions. At each visit ( Figure 1C ), adverse events (AEs) were monitored and laboratory tests and symptom-directed clinical evaluations were performed. For grading severity of AEs, the National Institutes of Health HIV Vaccine Trials Network/ Division of Acquired Immunodeficiency Syndrome toxicity table was used (Table 2) .
CMV-Specific T-Cell Monitoring by Flow Cytometric Analysis
Specimens were collected according to the US Public Health Service guidelines and the Helsinki declaration ( Figure 1B ) [36] . To evaluate ex vivo antigen-specific T cells, the CMV pp65 495-503 and HIVgag 77-85 (control) tetramers were prepared and titrated against reference peripheral blood mononuclear cells (PBMCs) at the COH Translational Vaccine Research Laboratory, as previously described [7, 37] . PBMCs for each blood draw were labeled and analyzed for tetramer binding by fluorescence-activated cell sorting (FACS; FACSCanto with FACSDiva software; BD Biosciences) [28] . To detect interferon c (IFN-c)-producing T cells, intracellular cytokine staining (ICS) was performed [33] . For each volunteer/time point, PBMC aliquots were stimulated with CMV pp65 495-503 , HIVgag 77-85 (negative control), and CEF [38] (positive control) peptides.
In Vitro Stimulation
PBMCs from a subset of volunteers whose pp65 495-503 tetramer binding remained minimal to low (,0.2%) throughout the study period were further analyzed at multiple time points using a simplification of a previously published protocol for in vitro stimulation (IVS) [7] . In brief, 5 million PBMCs were pulsed for 2 hours with 5 lg/mL of pp65 [495] [496] [497] [498] [499] [500] [501] [502] [503] and then plated in a 24-well plate [7] . Cells were fed with medium containing 10 IU/mL recombinant interleukin 2 (Novartis). On day 10, the bulk culture was evaluated for tetramer binding and IFN-c production [28, 33] .
Statistical Analysis
AEs were compared with immune responses at baseline and during and after vaccination using Wilcoxon rank-sum test. Due to the marked differences in recognition of pp65 [495] [496] [497] [498] [499] [500] [501] [502] [503] tetramers among CMV-seropositive subjects, these volunteers were stratified into 2 groups based on the pp65 495-503 tetramer levels prevaccination: subjects with minimal to low (,0.2%) and those with $0.2% pp65 495-503 tetramer levels. Results from trial A were compared with those from trial B separately within each stratum, using Wilcoxon rank-sum test, with ex vivo measurements #0.1% regarded as 0. Two-sided Fisher exact test was used to compare post-IVS results between trial A and trial B. Wilcoxon rank-sum test was applied to compare postinjection pp65 [495] [496] [497] [498] [499] [500] [501] [502] [503] and HIVgag 77-85 tetramer level means for each individual.
RESULTS
Enrolled Volunteer Population
Between May 2007 and October 2010, 225 volunteers were screened and 63 eligible volunteers were enrolled, vaccinated, and monitored for safety (Table 2 ) and immunogenicity. However, postvaccination evaluation of CMV immune responses was not performed for 5 volunteers (1 CMV-seronegative and 4 CMV-seropositive) who received only the first vaccine dose and withdrew prematurely from the study. Among the 58 evaluable subjects (Table 1) , 3 vaccinated volunteers were lost to follow-up after the day 180 visit.
Reactogenicity to the Vaccine Compounds
The peptide vaccines were safe and tolerated in most subjects, although addition of the PF03512676 (1 mg) adjuvant increased reactogenicity (Table 2) . Most common AEs included mild to moderate cutaneous reactions at the injection site and systemic flulike symptoms. The duration of related grade 1 and 2 AEs ranged from 1 to 2 days. Grade 3 AEs were reported for 4 volunteers: 3 from trial B and 1 from trial A (vaccinated with Tet-CMV peptide). These grade 3 AEs included marked malaise, 39.4°C -40.5°C fever, and urticaria, which were resolved with nonprescription analgesics (acetaminophen and antihistamine, respectively) within 8 days. In trial A, grade 2 AEs were reported in 2 subjects using both PADRE-CMV (10.5%) and Tet-CMV (16.7%) peptide vaccines.
In trial B, 6 (31.6%) subjects experienced grade 2 AEs and 2 (10.5%) subjects experienced grade 3 AEs, following vaccination with PADRE-CMV peptide vaccine plus PF03512676. Tet-CMV peptide vaccine plus PF03512676 was less reactogenic: 2 (15.3%) subjects experienced grade 2 AEs and 1 (7.7%) experienced grade 3 AEs. No association was found between severity or grade of AEs and pp65-specific immunity.
Baseline Levels of pp65 495-503 CD8 1 T Cells
Two pretreatment measurements of pp65 495-503 CD8 1 T cells were performed in vaccinees: 1 on the day of the first injection and 1 within 120 days of immunization. As expected, levels of pp65 CD8 1 T cells, measured using tetramers folded with the pp65 495-503 HLA A*0201 epitope, showed modest variation between samples obtained prior to vaccination from the same volunteer [39] . All CMV-seronegative volunteers had pp65 [495] [496] [497] [498] [499] [500] [501] [502] [503] tetramer binding below 0.1%, with the exception of unique patient number 190, whose pp65 495-503 tetramer levels were approximately 0.6%; further testing at day 180 proved this volunteer to be CMV-seropositive ( Figure 2A ) [17] . In contrast, among CMV-seropositive subjects, levels of pp65 495-503 tetramer binding were highly variable, ranging from 0% to 4.57% (mean, 0.42%) [40] . Of interest, approximately 60% of CMV-seropositive subjects had minimal to low pp65 [495] [496] [497] [498] [499] [500] [501] [502] [503] tetramer levels, suggesting that use of the HLA A*0201 allele for the pp65-restricted response was not uniform [17] . CMVseropositive subjects whose baseline pp65 495-503 tetramer levels were minimal to low (,0.2%) are hereafter referred to as CMV 1 ,0.2% .
Usage of PF03512676 Adjuvant Induces Ex Vivo CMV Vaccine Responses
The induction of postvaccination ex vivo immune responses was monitored by flow cytometry ( Figure 2B ). Positive postvaccination responses were defined as a . (Table 3 ). In particular, 3 of 10 (30%) CMV 1,0.2% volunteers injected with PADRE-CMV plus PF03512676 and 5 of 7 (71%) injected with Tet-CMV plus PF03512676 had vaccine-induced responses (Table 3 ; Figure 2Bi and ii). In contrast, in all trial 1  2  3  1  2  3  1  2  3  1  2  3 A CMV 1,0.2% subjects, pp65 495-503 tetramer levels remained minimal after vaccination. In addition, CMV-seropositive subjects who had $0.2% pp65 495-503 tetramer binding from both trial A and trial B at baseline showed decreases in pp65 495-503 tetramer 1 CD8 1 T-cell levels after immunization (Figure 2Biii ) [41] . None of the CMV-seronegative subjects had ex vivo increases in pp65 495-503 tetramer binding after vaccination (Table 3) . Using ICS, we investigated whether the peptide vaccine augmented the production of IFN-c, measured ex vivo in CD8 1 T cells. Postvaccination increases in pp65 495-503 -specific IFN-c production in CD8 1 T cells were all ,3-fold in volunteers for both trials A and B.
Longitudinal Profiles of Ex Vivo Immune Responses
In the absence of an apparent dose effect, all CMV-seropositive immunized subjects from both trial A and trial B (n 5 47) were stratified by pp65 495-503 tetramer levels at baseline.
Comparing the longitudinal profiles of ex vivo pp65 495-503 tetramer 1 CD8 1 T-cell levels, a striking difference was noted between trial A and trial B CMV 1,0.2% immunized volunteers ( Figure 3A ; P 5 .004, Wilcoxon rank-sum test comparing postvaccination averages between day 14 and day 77). Although tetramer levels remained mostly flat during the entire observation period among trial A CMV 1,0.2% volunteers (Figure 3A) , increases in pp65 495-503 CD8 1 T cells after each vaccination were frequent in trial B CMV 1,0.2% subjects. In all responders, ex vivo CMV responses were still detectable at day 77 and persisted until day 180 in 2 subjects injected with PADRE-CMV plus PF03512676 ( Figure 3A ). These results suggest that PF03512676 adjuvant contributed to the stimulation of CMV vaccine responses, although its effect varied widely in the vaccinated CMV 1,0.2% population. Limited variation in pp65 495-503 tetramer levels were observed postvaccination in the CMV-seropositive population, with baseline $0.2% pp65 495-503 tetramer binding from both trials ( Figure 3B ).
Postvaccination Expansion of pp65 495-503 CD8 1 T Cells
To evaluate whether low frequencies of pp65 495-503 -specific CD8 1 T cells elicited by CMV peptide vaccines could be expanded, a sensitive in vitro stimulation system was used [7] . Minimal expansion of pp65 495-503 CD8 1 T cells was detected at baseline time points after IVS ( Figure 4A , upper and lower left plots). Additionally, bulk T-cell cultures did not bind control-HIV tetramer or produce IFN-c in response to control-HIV peptides ( Figure 4A , upper right plot). In , CMV-seropositive subjects whose baseline pp65 495-503 tetramer levels were minimal to low (,0.2%). ,0.2% subjects. P value indicates the difference between trial A and trial B, calculated by Wilcoxon rank-sum test. B, CMV-seropositive subjects who had at baseline $0.2% pp65 495-503 tetramer binding. (Table 3) . P value was calculated by Wilcoxon rank-sum test to assess the significance of postvaccination binding difference between pp65 495-503 and control (HIVgag 77-85 ) tetramer in the IVS-expanded CD8 1 T cells.
contrast, specific and functional postvaccination responses, as measured by pp65 495-503 tetramer binding and IFN-c expression, were markedly higher than baseline time points ( Figure 4A ) and progressively increased after each vaccination ( Figure 4B ). (Table 3 and Figure 4 ). Confirming the ex vivo data, the IVS results showed that use of PF03512676 adjuvant induced significantly higher (P 5 .002; 2-sided Fisher exact test) postvaccination responses in trial B compared with trial A.
DISCUSSION
Improved clinical outcomes in HCT recipients, achieved by adoptive transfer of pp65-CTL from CMV-seropositive donors, provides a strategic premise for controlling CMV by immunization of the donors [13] [14] [15] [16] . During HCT, the stem cell product contains large numbers of mature donor T cells [42] .
Increasing the CMV-specific proportion of these cells by immunizing the donor could result in CMV control in the recipient [17] . The current study evaluated the CMV-subunit vaccines in healthy adults as a surrogate model of immunizing HCT donors of at-risk HCT recipients. A vaccine containing the HLA A*0201 pp65 495-503 epitope will cover 30%240% of the at-risk population in the United States. In fact, the HLA A*0201 allele is most frequently represented in white individuals (46%) and is much less common in African Americans and Asian Americans (16%) [24] . As reported by others and confirmed by our data ( Figure 1A ), pp65 495-503 epitope recognition was broad, but not uniform, among HLA A*0201 CMV-seropositive individuals [17, 40] . Although a recent study has confirmed the immunodominance of the pp65 495-503 epitope in HLA A*0201 Tg mice immunized with pp65-encoding DNA, the divergence with the animal model data indicates that immunodominance hierarchies in CMV-infected humans exposed to multiple CMV antigens are complex and difficult to predict [7, 9, 28, 43] .
The CMV immunogens coadministered with or without PF03512676 adjuvant were safe and generally well tolerated, although the addition of PF03512676 (1 mg) substantially raised their reactogenicity (Table 2 ) [6] . Evidence of AEs associated with the use of PF03512676 has been documented in clinical trials [44] ; hence, the elevated number of local AEs and systemic flulike symptoms observed in trial B (Table 2) are consistent with previous reports.
PF03512676 is an immunomodulating synthetic oligonucleotide designed to specifically agonize Toll-like receptor 9 (TLR9) [45] . It is being evaluated as a single agent for several conditions and as an adjuvant for vaccines against infectious diseases [46] . In the current study, pp65-specific ex vivo vaccine-induced immune responses were detected exclusively when PF03512676 was coadministered with the CMV vaccine peptides containing either PADRE or Tetanus epitopes (Table 3) . In contrast to the preclinical results in mouse models using CMV peptide vaccines ( Figure 1B ) [28] , there was no appreciable ex vivo postvaccination increase in pp65 495-503 -specific CD8 1 T-cell levels from subjects immunized with the CMV peptides without adjuvant. These data indicate that coadministration of PF03512676 was critical to significantly improving vaccine-induced immune responses.
In this preliminary evaluation of CMV peptide vaccines, levels of CD4 1 T cells specific for the vaccine T H epitope were not assessed, which is a limitation of our study. In our judgment, the portion of the immune response attributable to either vaccine T H epitope will be inextricably linked and confounded by use of the PF03512676 adjuvant, which independently induces potent T-helper 1 responses and alters immune cell trafficking when administered with a wide range of antigens [34] .
Vaccine-driven CMV immune responses were measured among HLA A*0201 CMV-seronegative subjects and in CMV-seropositive subjects in whom pp65 495-503 tetramer 1
CD8
1 T cells were minimal to low before vaccination (Table 3 ; Figure 2Bi and ii; Figure 3A) . Additionally, as previously reported using ALVAC-pp65 vaccine [12] , a decrease in pp65 495-503 CD8 1 T-cell levels was detected in CMV-seropositive subjects who had substantial baseline pp65 495-503 tetramer binding (Figures 2Biii and 3B) . In a nonviremic CMVseropositive, a noninfectious CMV vaccine is likely to target the T-central memory (T CM ) compartment. However, a recent study showed that the T CM pool is tightly regulated during secondary expansion and is under homeostatic and physiologic control [47] . In particular, alteration of a robust antigen-specific T CM compartment by immunization is likely difficult to achieve and may compromise preexisting T-cell memory [48] . Difficulty in expanding preexisting natural immunity by using subunit vaccines has been reported not only for pp65 vaccines [11, 12] but also for a blood-stage malaria vaccine plus PF03512676, which induced vaccine-specific response in malaria-naíve subjects but failed to enhance it in malaria-exposed adults [49] . Understanding the molecular basis of this apparent refractoriness to vaccine boosting in healthy immune individuals is of significant interest in vaccine design [48, 49] . Similar to previous pp65-vaccine clinical studies, evidence of CMV peptide vaccine-induced responses increased substantially in trial A and trial B subjects when IVS methodologies were used [11, 12] . Stimulation strategies to evaluate vaccine immunogenicity in clinical trials have limitations due to the length and conditions of the in vitro culture [11, 12] . However, breadth and consistency of post-IVS responses detected in trial B subjects (Figure 4) , after a brief exposure of PBMC to the pp65 495-503 peptide, are promising. In fact, the vaccine-elicited pp65 495-503 T cells could be significantly expanded upon exposure to CMV antigens in a viremic individual. In particular, the CMV peptide vaccines may have the potential for greater potency when injected into HCT recipients because further massive expansion has been reported to occur under the natural stimulation of CMV infection [16] . The resulting pp65 495-503 T-cell increase in the HCT recipients can be critical to the control of CMV viremia [10] [11] [12] .
In summary, CMV peptide vaccines plus PF03512676 (1 mg) are safe and effective in priming CMV immune responses. However, the high percentage of flulike AEs reported in this study when using PF03512676 (Table 2) indicates a need for caution in further development of the product for use in immunocompetent donors. Efficacy of recipient vaccination both before and early after transplantation has been described [20, 50] . Hence, the CMV peptide vaccines plus PF03512676 could be used to directly immunize HCT recipients. In these patients with nascent hematopoietic reconstitution and prolonged CD4
1 T-cell deficit, stimulation of TLR 9 by PF03512676 could effectively substitute for the normal requirement of T H , as shown in HIV subjects with compromised T H function [34] . Because PF03512676 was found to be safe when administered to HCT recipients in a pilot trial (J. S. Miller, University of Minnesota, oral communication, May 2011), there is a precedent for our proposed use in HCT recipients. Conducting efficacy trials of CMV peptide vaccines in HCT recipients represents the next objective of this vaccine program.
Notes
